Lipids and fatty acids of Ectocarpus fasciculatus
Brown algae (Phaeophyceae) comprising around 265 genera and more than 1500 species (South and Whittick 1987) represent a considerable part of the marine flora. Many of them are used as human or animal food (Chapman and Chapman 1980) and are therefore of nutritional and economic significance (Jensen 1979) . Compared to higher plants, brown algae like many other marine algae are exceptional in their lipid and fatty acid pattern. Like other chromatophytes, brown algae produce long-chain C20 polyenoic fatty acids mainly in the form of 20:4 and 20:5 acids (Arao and Yamada 1989 , Harwood and Jones 1989 , Jones and Harwood 1992 , Fleurence et al. 1994 , Khotimchenko 1995 , Kim et al. 1996 , Vaskovsky et al. 1996 . Another typical feature of brown algae is the presence of the betaine type lipid diacylglycerylhydroxymethyl-iV,iV,/v'-trimethyl-/?-alanine (DGTA) in many species (Eichenberger et al. 1993) . The occurrence of this lipid and of the common phospholipid phosphatidylcholine (PC) partly reflects the brown algal taxonomy, since DGTA is either present or absent in all the members of a given order. Exceptions are the orders Ectocarpales and Chordariales which contain both DGTA-positive and DGTA-negative species. Surprisingly, in the members of the DGTA-producing Dictyotales, Fucales and Durvillaeales, PC could not be detected. In addition, the phospholipid phosphatidyl-O-[7V-(2-hydroxyethyl) glycine] (PHEG) has recently been detected and seems to be typical of, but limited to brown algae (Eichenberger et al. 1995) . A characteristic feature of brown algae is the positional distribution of fatty acids in plastidial lipids. As in other chromophyte algae, MGDG is almost exclusively of eukaryotic structure, i.e. thesn-2 position is occupied by C 18 or C20 fatty acyl groups (Arao and Yamada 1989, Jones and Harwood 1992) . This is surprising especially for those species which do not contain PC, since this phospholipid is the source of eukaryotic DAG moieties used for MGDG synthesis in higher plants Slack 1982, Browse and Somerville 1991) . Although a considerable body of analytical data has accumulated on the lipids and fatty acids of brown algae, little is known about the biosynthesis and the metabolism of both lipids and long-chain polyenoic fatty acids which are important as precursors of pheromones involved in the cell-cell communication (Stratmann et al. 1993) .
Labelling experiments with [ll4 C]acetate as a precursor carried out with Fucus serratus Harwood 1984, Jones and Harwood 1987 ) revealed a preferred incorporation of label into an unknown lipid which was later on identified as DGTA. These results suggested a metabolic role of this betaine lipid. The lipid metabolism of Fucus species was also studied under the aspect of water pollution by heavy metals ).
For our experiments, Ectocarpus fasciculatus was used because it produces DGTA as well as PC (Muller and Eichenberger 1994, culture SC 42-3) . Also, this organism by its morphology is appropriate for in vivo incubations and can easily be cultivated under laboratory conditions. Using [1-M C]18:1 as a precursor, we intended to gain new information on the incorporation of fatty acids and their further processing (desaturation and elongation) by intact plants and, at the same time, on the distinct features of brown algal lipid metabolism. Also, insight into the role of DGTA and the formation of plastidial glycolipids was expected.
Materials and Methods
Plant material-Ectocarpus fasciculatus Harvey (a unialgal clonal culture originating from Santa Clara Island, Juan Fernandez Archipelago, Chile, in 1991) was obtained from Prof. D.G. Muller, University of Konstanz, Germany. Plants were cultivated in Petri dishes in 25 ml of autoclaved North Sea water (salinity 2.8%) or a commercial salt mixture supplemented according to Starr and Zeikus (1993) . Cultures were grown at 18°C with a light/dark cycle of 12/12 h under white fluorescent light (60 ^/E m~2 s~') and by changing the medium every week.
Lipid isolation and determination-Lipids were extracted with boiling methanol containing 0.05% butylhydroxytoluene. Lipids were separated by TLC on silica gel plates (Merck 5715) with chloroform/methanol/water (65 : 25 : 4, by vol.) (solvent I) in the 1st dimension and with chloroform/methanol/isopropylamine/conc. ammonia (65 : 35 : 0.5 : 5, by vol.) (solvent II) in the 2nd dimension. DAG and TAG were isolated by TLC of total lipid using hexane/diethyl ether/acetic acid (70 : 30 : 1, by vol.) as a solvent. Spots were detected with 2',7'-dichlorofluorescein under UV (366 nm) and eluted with methanol. For identification, phospholipids were stained with molybdenum blue (Dittmer and Lester 1964) , glycolipids with anthrone (Heinz 1967) , amino groups with ninhydrin (Fahmy et al. 1961) and quaternary amino groups with Dragendorff reagent (Munier and Macheboeuf 1951) .
Fatty acid analysis-Fatty acid methyl esters were obtained either from total lipids by transesteriflcation with sodium methoxide (Thies 1971) or from free fatty acids by reaction with diazomethane. The positional distribution of fatty acids between the sn-l and sn-2 position was determined using lipase from Rhizopus arrhizus (Fischer and Heinz 1973) . For analytical separations, a Shimadzu GC-8A equipped with FID and a Shimadzu C-R3A integrator was used. The column was a fused silica capillary column (Restek RT x -2330, 30 m length, 0.25 mm I. D.) operating at 170-190°C (2°C min" 1 ) with H 2 as carrier gas.
Phenacyl ester analysis-Phenacyl esters of fatty acids were prepared with phenacylbromide and triethylamine according to Borch (1975) and separated by RP-HPLC on a Perkin-Elmer Series 10 Liquid Chromatograph with a Nucleosil 100-5 C 18 column (250 x 4 mm, Macherey-Nagel). The solvent was a gradient of 100% acetonitrile and acetonitrile/water (6 :4, by vol.). The gradient was from 20% to 80% acetonitrile in 48 min with a flow rate of 1.5 ml min"
1 . The phenacyl esters were detected at 254 nm with a Perkin-Elmer LC-75 detector connected to a Shimadzu C-R3A integrator.
Incubation conditions and radioactive measurementsPlants were incubated in 3 ml of culture medium to which a solution of 148 MBq [l- 14 C]oleic acid (2.1 GBq mmof 1 , Amersham) in 40 ftl ethanol was added. During the incubation, the suspension was shaken under light at room temperature. After 30 min pulse, plants were washed with 6 ml chase medium containing unlabelled oleic acid (20 /ig ml" 1 ) and transferred to a Petri dish with 25 ml of chase medium and kept under culture conditions. Aliquots were taken after 0, 6, 24, 48 and 96 h and after 7 d. Radioactivity was measured with a Liquid Scintillation Counter MR 300 (Kontron, Switzerland) after addition of 4 ml methanol and 5 ml butyl-PBD (7% in toluene, w/v).
Preparation and analysis of SQDG molecular species-SQDG was isolated by semipreparative TLC of total lipid on silicagel plates (Merck 5715) using solvents I and II. The lipid was hydrogenated in acetone/methanol (4 : 1 v/v) with H 2 gas and palladium black (Fluka, Switzerland) as a catalyst, for 2.5 h at 20° C. The saturated molecular species were separated by isokratic RP-HPLC on a Nucleosil 100-5 C, 8 column (250x4 mm) using methanol/water/acetonitrile (181 : 14 : 5, by vol.) containing 20 mM choline-HCl. The flow was 1 ml min" 1 . Fractions of 2 ml were collected and in an aliquot of each fraction, radioactivity was measured. Fractions 17-24 were pooled and the solvent was evaporated. To the residue, 2 ml of water was added and the mixture was extracted three times with 2 ml chloroform. The residue of the chloroform phase was rechromatographed on a TLC plate using solvent I and the hydrogenated SQDG eluted with methanol. In the purified SQDG, the total fatty acid composition and the positional distribution of both fatty acids and radioactivity was determined as described above.
Results
Lipid composition--MGDG, DGDG, SQDG, DGTA, PC, PE, PG and PI were the most prominent polar lipids, while DPG, PA and PHEG were present as minor constituents, as shown in Table 1 . The nonpolar lipids contained TAG, DAG and the major part of pigments. A weak spot with free fatty acids was also observed.
Fatty acid composition-Major components are 16:0, 18:1, al8:3, 18:4, 20:4 and 20:5 which account for 91% of the total, as shown in Table 2 Positional distribution of fatty acids in various lipids -The positional distribution of fatty acids in MGDG, DGDG, PG and SQDG, as obtained by enzymatic hydrolysis with lipase from Rhizopus arrhizus, is shown in Table 3 . The sn-2 position of MGDG and DGDG is occupied by only 1 and 2%, respectively, by Ci 6 fatty acids. This indicates that 98 to 99% of both galactolipids are of the eukaryotic type. The proportion of eukaryotic species in PG, in contrast, is only 62% and, surprisingly, in SQDG as low as 23%. This indicates that in turn, SQDG is by almost 80% of the prokaryotic type with C 16 acids in the sn-2 position.
Incorporation of [ll4 C]18:l into polar and nonpolar lipids-In order to investigate the incorporation of radiolabelled oleic acid into the polar and nonpolar lipids, whole plants of Ectocarpus fasciculatus were incubated with [1-14 C]18:1 in a pulse-chase manner. Lipids were extracted at the end of the pulse and at different times of the chase period, and then separated by two-dimensional TLC. During 30 min of incubation, almost 15% of the radiolabelled substrate was incorporated into the polar and nonpolar lipids.
At the end of the pulse, TAG, PG, PE and PC were the most strongly labelled lipids containing 33, 16, 14 and 10%, respectively, of the total lipid label, as shown in Fig. 1 . During 7 days of chase, the label mainly decreased in TAG (down to 10% of the total), but to a minor extent also in PG, PE, PC, PI and DAG. In the same time, the label drastically increased in MGDG from 8% up to 4 1 % of the total. A minor increase was also observed in DGDG, SQDG, DGTA and DPG. Almost no radioactivity was found in PHEG and in PA (not shown).
Incorporation of label into prokaryotic and eukaryotic molecular species of SQDG-It was important to find out whether of the plastidial lipids either eukaryotic only or both eukaryotic and prokaryotic species were labelled. Since in E. fasciculatus, SQDG is the only lipid class which is synthesized exclusively in the chloroplast and, in the same time, contains a high proportion of prokaryotic species (Table 2) , the labelling of this lipid was further investigated. The total labelled SQDG was isolated and the unsaturated fatty acids were converted into their saturated form by hydrogenation. Then, the saturated SQDG was chromatographed by RP-HPLC and the fractions monitored. Fractions 17-24 containing most part of the radioactiv- Fig. 2 , were pooled and treated with lipase from Rhizopus arrhizus. The label was measured in both the fatty acid from the sn-l position and in the lyso SQDG containing the acyl group in the sn-2 position. The results are summarized in Table 4 . From the total SQDG, 74% of the label was recovered in the fractions 17-24 containing 16:0 and 18:0 in a ratio of 1 : 1 (Fig. 2, insert) and thus consisting of 16:0/18:0 and 18:0/16:0 combinations only. Since, by the use of 18:1 as radiolabelled substrate, 18:0 but not 16:0 was labelled, the label found in the sn-l position can exclusively be ascribed to 18:0 from prokaryotic species. SQDG is significantly labelled in the sn-l position and, hence, in its prokaryotic species, as demonstrated in Table 4 . • 0 E36 EB24 01148 ^9 6 hours iS7 days chase 
Incorporation of label into different fatty acids-In
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RP-HPLC, and the label in individual fatty acids was monitored. At the end of the 30-min pulse, the label mainly appeared in 18:1 acid, as shown in Fig. 3 . During the chase, most label disappeared from 18:1 and, simultaneously appeared in 18:2, 18:3, 18:4. After 48 h chase, a minor increase of label was also observed in 20:4 and 20:5. This indicates that most of the incorporated oleate was desaturated to give 18:2, 18:3 and 18:4, while only a minor portion of the Ci 8 acids was elongated and desaturated to give 20:4 and 20:5. Since only insignificant labelling of C 14 and C ]6 acids was observed during the experiment, degradation of the substrate and reincorporation of the label by de novo synthesis of fatty acids can almost be excluded. The radiolabelling of fatty acids in glycolipids is shown in Fig. 4 . In the two galactolipids and in the sulfolipid, most part of the label appeared in 18:1 at the end of the pulse, but then decreased in this acid during the chase period. In both MGDG and DGDG, the rapid decrease of label in 18:1 was accompanied by an accumulation of radioactivity mainly in 18:3 and 18:4 acids. In all the glycolipids, only • 0 S 6 E324 IH148 ^9 6 hours H 7 days chase 6 . In TAG, a shift of label from 18:1 to almost all kinds of polyenoic fatty acids was observed.
Discussion
Ectocarpus fasciculatus shows the lipid pattern which is typical of a photosynthetic plant with the glycolipids MGDG, DGDG and SQDG and the phospholipids PC, PE, PG, PI and DPG. In addition, it contains the common brown algal phospholipid PHEG (Eichenberger et al. 1995) and belongs to those members of the order Ectocarpales which also produce the betaine type lipid DGTA (Eichenberger et al. 1993 ). Significant amounts of TAG and minor portions of DAG are also present. Major fatty acids are 16:0, 18:1, 18:2, 18:3, 18:4, 20:4 and 20:5 with C, 6 , C 18 and C 20 acyl chains accounting for 17, 57 and 25 mol%, respectively, of the total. Typically, the plastidial lipids including the glycolipids and PG contain large amounts of C 18 fatty acids, while in PA, PC, PE, PHEG, DPG and DGTA, long-chain C20 polyenoic acids predominate. A similar tendency in fatty acid patterns has also been reported for other brown algae (Arao and Yamada 1989 , Caron et al. 1985 , Fleurence et al. 1994 , Jones and Harwood 1992 .
The positional distribution of fatty acids among the positions of the glycerol moiety, as determined by treatment with lipase of Rhizopus arrhizus, merits special attention. In higher plants, glycerolipids containing a C, 6 fatty acid in their sn-2 position are ascribed to the plastidial or prokaryotic pathway using a DAG precursor of plastidial origin (Frentzen 1986) . Correspondingly, lipids containing in the same position an acyl chain with more than 16 carbons are thought to be synthesized by the eukaryotic pathway using a DAG backbone of cytoplasmic origin (Roughan and Slack 1984) . In the sn-2 position of MGDG and DGDG of Ectocarpus, C !6 fatty acids acount for only 1% and 2%, respectively, while for PG and SQDG these values are 38 and 77%, respectively. Since the assembly of MGDG, DGDG and SQDG occurs in the plastid envelope (Heinz 1993 , Joyard and Douce 1987 , Mudd and Kleppinger-Sparace 1987 , according to the two-way concept for higher plants, the DAG used for the assembly of galactolipids in E. fasciculatus has to be imported by almost 100% from the cytoplasm, while for the synthesis of SQDG, DAG of predominantly plastidic origin is used. For PG, the proportions of prokaryotic (38%) and eukaryotic (62%) molecular species, reflect the amounts of PG in the chloroplasts and the extraplastidial compartments, respectively, since chloroplasts contain prokaryotic PG only (Roughan and Slack 1984) . On labelling with [1-14 C]18:1 during 30 min, 73% of the label appeared in TAG, PG, PE and PC. During the chase period, the label decreased in these lipids, but drastically increased in MGDG and, to a minor extent, also in DGDG, SQDG and DGTA. This shift of label strongly suggests an incorporation of the exogenous fatty acid into TAG and phospholipids and a subsequent transfer of fatty acids to plastidial glycolipids. In this process, TAG apparently plays an important role as an intermediate acyl carrier. During our experiment, 18:1 is converted mainly by desaturation to give 18:3 and 18:4 acids. The label in 20:4 and 20:5 acids, in contrast, accounts for only 16% of the total after 7 days indicating the production of C 20 fatty acids to be rather slow under these conditions. The proportion of labelled Ci 8 and C20 fatty acids, however, is different in the various lipids. In glycolipids, an accumulation of C )8 acids is observed. The rapid decrease of label in 18:1 acid and the concomitant increase in C, 8 dienes, trienes and tetraenes strongly suggest a desaturation of lipid-bound C 18 fatty acids. In both MGDG and DGDG, the end products arel8:3 and 18:4. The same process has also been reported from Isochrysis galbana (Stern and Tietz 1993) and Echium plantagineum (Williams and Khan 1996) . Almost no labelled C M acids are incorporated into galactolipids during the experiment. In SQDG, the conversion of 18:1 is slower and mainly produces 18:3. In PC and DGTA where a shift of label from 18:1 to 18:2 and 18:3 temporarily also occurs, a significant accumulation of 20:4 and 20:5 is observed suggesting that these lipids act as final acceptors of long-chain fatty acids. A similar process, but to a minor extent also occurs in PE, while in PG only a slow turnover is observed. In TAG, about equal proportions of the different labelled fatty acids appear suggesting that most part of the labelled 18:1 acid initially present is rapidly removed suggesting TAG to act as a donor of fatty acids for processing and/or transfer to polar lipids. A metabolic role of TAG has also been reported by Kim et al. (1996) who found a seasonal variation of the TAG content in Fucus serratus.
In higher plants, fatty acids used for the synthesis of eukaryotic glycolipids in the chloroplast are imported from the cytoplasm in the form of DAG. In E. fasciculatus, there is strong evidence for a translocation of single fatty acids from the cytoplasm to the chloroplast. The significant labelling of the prokaryotic molecular species of SQDG (11% of the total) by a C 18 acid in the sn-1 position is possible only either by introduction of a single fatty acid in a de novo synthesized lipid molecule or by exchange of the sn-l acyl group in a preexisting molecule. Evidence that single fatty acids rather than DAG might be transferred from the cytoplasm to the chloroplasts, was also obtained from the haptophyte alga Pavlova lutheri (Eichenberger and Gribi 1997) . This indicates that in chromophyte algae, the biosynthetic pathways for lipids may be different from those of higher plants as already suggested by Sato (1991) . Further investigations should therefore be carried out also on the mechanism by which the surprisingly high proportion of eukaryotic MGDG is synthesized in these algae. The elongation of C )8 to C 20 fatty acids in higher plants is ascribed to an elongase system of the endoplasmic reticulum using acyl-CoA esters as substrates (Cassagne et al. 1994) . Also in the eustigmatophyte alga Nannochloropsis, the elongation has been attributed to the cytoplasm (Schneider and Roessler 1994) . The desaturation steps leading to 20:4 and 20:5 are suggested to occur on PC-bound fatty acids in the red alga Porphyridium cruentum and the eustigmatophyte alga Monodus subterraneus (Khozin and Cohen 1996) . This is in accordance with the general view that fatty acid desaturases in plants operate on lipid-bound substrates (Ohlrogge and Browse 1995) . The labelling kinetics in E. fasciculatus suggest that not only PC but also DGTA is involved in the desaturation of C20 fatty acids indicating that the betaine lipid DGTA, as its isomer DGTS in green algae, may be involved in fatty acid desaturation.
